We have previously reported that exposure of mouse cerebellar granule cells (mCGCs) to excitotoxic concentrations of glutamate (Glu) induced a delayed, elevated and sustained expression of c-fos mRNA, which was NMDA-receptor mediated. In this study, the over-stimulation of Glu receptors in primary rat cortical neurons by excitotoxins was used to study the cellular events triggering excitotoxic neuronal cell death, as the rat is the preferred species in regulatory and nonregulatory toxicological investigations.
Introduction
The stimulation of neurons by neurotransmitters or neurotropic factors elicits changes in gene expression that are critical for neuronal survival, differentiation and the adaptive responses of mature neuronal cell types (Greenberg et al., 1986; Morgan and Curran, 1986) . Within minutes of neurotransmitter release, the expression of a family of genes termed immediate early genes (IEGs) is induced in the post-synaptic neuron. IEGs are genes that are responsive to trans-synaptic stimulation and membrane electrical activity in neuronal cells. Transcription of these genes occurs rapidly and transiently, within minutes of stimulation. Many IEGs encode transcription factors that then induce subsequent waves of delayed response gene expression. These delayed response genes encode proteins that are likely to be determinants of neuronal plasticity. These proteins may include neurotransmittersynthesizing enzymes, neurotransmitter receptors as well as structural components of the synapse.
The prototypic IEG, c-fos, has been reported to be both rapidly and transiently transcribed in response to a variety of neurotransmitters that trigger Ca 2+ influx in in vitro cell culture systems (Greenberg et al., 1986; Curran and Morgan, 1995; Bading et al., 1993) . The c-fos gene encodes the transcription factor c-Fos, which forms a Thus, rather than being a specialised executor of a unique response to exogenous stimuli, the AP-1 complex plays a general role in the transduction of signals from the membrane to the nucleus. For example, Jun and Fos transcription factors exert a potent biological role by their control of gene transcription of nerve growth factors (Hengerer et al., 1990) . Reports suggest that over-expression of the proto-oncogene c-fos may contribute to neuronal cell death in vivo (Pennypacker et al., 1994; Shan et al., 1997) and in vitro (Gorman et al., 1995; Meredith et al., 1996; Griffiths et al., 1997) . This led to the suggestion that over-expression of c-fos mRNA could be used as an indicator of excitotoxicity in in vitro neuronal cell systems. Griffiths et al. (1997 Griffiths et al. ( , 2000 proposed that the measurement of c-fos mRNA expression levels could be used as a specific indicator of excitotoxicity. Using the method of real-time, reverse transcription-polymerase chain reaction (RT-PCR) we reported a delayed, elevated and sustained expression of c-fos mRNA under excitotoxic conditions in mouse cerebellar granule cells (mCGCs), which was NMDA-receptor mediated, and which was successfully used to predict the excitotoxic properties of a range of compounds (Rogers et al., 2004, in press , Archives of Toxicology).
The first aim of this study was to investigate, using rat cortical neurons, the involvement of IEGs in excitotoxicity, in particular whether c-fos mRNA is induced by different excitatory amino acids (EAAs) in primary cultures of rat cortical neurons.
The second aim was to investigate the excitotoxicity-related changes, concentrationdependencies and receptor specificities of c-fos mRNA induction in rat cortical neurons. The third aim was to investigate the potential of c-fos mRNA in the characterisation of excitotoxic effects of a number of compounds to see whether c-fos mRNA can be used as a specific biomarker of excitotoxicity for screening purposes. 
Experimental Procedures

Materials
Rats (Wistar strain, E18) were obtained from Charles River (Sulzfeld, Germany). All cell culture plasticware was purchased from Biocoat Becton and
acid (NMDA), glycine, gamma-amino-butyric acid (GABA), paraquat, 1-methyl-4-phenylpyridinium Iodide (MPP + Iodide), ß-mercaptoethanol and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) were obtained from Sigma. D-2-amino-5-phosphonopentanoate (AP5) and 6-cyano-7-nitro-quinoxaline-2,3-dione (CNQX) were purchased from Biotrend Tocris (Cologne, Germany). The RNeasy® 96 kit and the RNase-Free DNase kit were purchased from Qiagen (Hilden, Germany). The RNA 6000 Labchip® Kit was purchased from Agilent Technologies GmbH (Berlin, Germany). The ATP Lite™-M kit was purchased from
Preparation of primary cultures of rat cortical neurons
Primary cultures of rat cortical neurons were prepared as described previously (Schmuck et al., 2000) . Pregnant Wistar rats were sacrificed on gestational day 18 -19 by asphyxiation, the foetuses immediately removed from the uterus and placed in a petri-dish on ice. Under sterile conditions, the foetuses were separated from their enveloping embryonic sacs and decapitated. Whilst the head was stabilised with one pincer, another pincer was used to remove the outer layers of protective cartilage surrounding the brain matter. The cortex was dissected from the whole brain tissue under a stereo-microscope (Leica MIO) with a sterile pincer and subsequently unsheathed from the cerebral membrane. The tissues were pooled in sterile Neurobasal™ medium (Invitrogen Life Technologies, Karlsruhe, Germany), supplemented with B27 (2%) and penicillin-streptomycin (50 U/ml). The isolation of single cells from the collective cortical tissues was performed by consecutive filtration of the neuronal cells through two nylon meshes of different pore diameters (135 and 25 µm, respectively). The filtrate, consisting of a single-cell suspension of cortical neurons, was centrifuged for 5 min at 1000 rpm (200 g). The cell pellet was suspended in the culture medium (10 ml) and the cell number determined using a Casy® 1 Model TTC Cell Counter and Analyser System (Schärfe System GmbH, Reutlingen, Germany). The cells were plated onto 24 well-plates (pre-coated with poly-D-lysine) at a cell concentration of 1 × 10 6 cells per well and a final volume of 1.5 ml. The cells were cultivated for 10 to 13 days before testing. The cultures consisted of 90 -95% neurons and 5 -10% glial cells. These data were determined by immunohistochemistry (Schmuck and Schlüter, 1996) using neuronal-specificenolase (NSE) and glial-fibrillary-acidic-protein (GFAP) antibodies. 
Treatment of cell cultures
Experiments were undertaken on rat cortical neurons at 10 and 13 days in vitro (DIV). For pharmacological investigations, the neurons were pre-incubated with a fixed concentration of D-2-amino-5-phosphonopentanoate (AP5, 500 µM) or 6-cyano-7-nitro-quinoxaline-2,3-dione (CNQX, 10 µM) for 15 min before exposure to the test compounds. All test compounds were dissolved appropriately and adjusted to pH 7.4 before addition to the culture medium. For experiments involving cell viability, the cells were exposed to various concentrations of the test compounds for 4 or 24 hours. For experiments involving RT-PCR analysis, cell treatment over a period of 6 hours was terminated by aspiration of the medium and addition of lysis buffer (RLTBuffer; Qiagen, Hilden, Germany) containing 1% ß-mercaptoethanol and stored at -80°C until isolation of total RNA.
Assessment of cytotoxicity using the MTT assay
Cytotoxicity was assessed by a spectrophotometric method (Balázs et al., 1988) , which measures the viability of cells on the basis of their ability to bioreduce 3-
MTT solution (100 µl; final concentration 0.5 mg/ml in PBS) was added to each well and the plate incubated in the dark for 2 hours at 37°C in a humidified atmosphere. Following incubation, the total solution of medium and MTT was carefully removed by aspiration. HCl (500 µl; 0.04 M) in anhydrous iso-propanol was added to each well followed by 100 µl SDS (3% w/v). The plate was shaken for 15 min, to ensure solubilisation of the blue/purple formazan crystals, and then allowed to stand at room temperature for 15 min. Absorbance was measured at 570 nm, using 630 nm as the reference wavelength, in a spectrophotometer (Tecan Ultra). Results were expressed as the percentage of blue formazan absorbance compared with untreated control neurons, which were assumed as having 100% viability.
ATP determination
The intracellular ATP concentration was determined according to a chemiluminescence reaction in a luciferin/luciferase system using an ATP Lite-M kit, according to manufacturer's instructions (Packard Bioscience BV, Groningen, The Netherlands).
RNA isolation
Total RNA was isolated from primary rat cortical neurons with the use of an RNeasy 96 Kit (Qiagen, Hilden, Germany), including a DNase digestion step, according to the manufacturer's instructions. The concentration of eluted total RNA was quantitated using the fluorescent nucleic acid stain, Ribogreen, according to manufacturer's instructions. The integrity of the RNA was quality controlled by capillary electrophoresis using an RNA 6000 Nano Chip Kit on the Agilent 2100 Bioanalyser system (Agilent Technologies GmbH, Berlin, Germany). Only samples with a peak area ratio > 2.0 of 28S to 18S rRNA were used. 
Results
Excitotoxin mediated NMDA-receptor specific toxicity to rat cortical neurons
Exposure of rat cortical neurons to glutamate (Glu) for 4 and 24 hours induced a concentration-dependent decrease in cell viability, as judged by MTT assays (Fig   1a , Table 1 ). Pre-treatment of the neurons with the NMDA receptor antagonist, AP5, completely protected against cytotoxicity while pre-treatment of the neurons with CNQX offered no protection (Fig 1 b) . With aspartate (Asp), a similar pattern of NMDA receptor-mediated cytotoxicity occurred (data not shown). In addition, decreases in intracellular ATP levels were observed following exposure of the neurons to various concentrations of Glu and Asp for 24 hours (Table 1) .
Paraquat caused a concentration-dependent decrease in cell viability and ATP concentration (Table 1) , which is in accordance with previous reports (Schmuck et al., 2000) . Unlike with Glu and Asp, no difference in sensitivity was observed between cortical cell cultures cultivated for 10 or 13 days in vitro. Alanine (Ala) had no effect on energy levels nor on cell viability on either culture day (Table 1) .
Time-and concentration-dependent, glutamate induced c-fos mRNA expression
Exposure of cultured rat cortical neurons (13 DIV) to various concentrations of Glu induced different time profiles of c-fos mRNA expression (Fig 2 a) . A similar change in expression profile was found for c-fos mRNA expression following Asp treatment with levels reaching approximately 125 times the control level under excitotoxic conditions (Fig 2 b) . It was observed that the non-toxic profiles for
Glu and Asp induction of c-fos mRNA showed one difference in that the time for maximal expression levels were 45 and 120 min for Glu and Asp, respectively.
NMDA receptor specificity of glutamate-induced c-fos mRNA expression
The NMDA-receptor antagonist, AP5, but not the non-NMDA receptor antagonist, CNQX, prevented the delayed, elevated and sustained expression of cfos mRNA induced by toxic concentrations of Glu (100 µM, but not by CNQX, as previously reported for the physiological action of Glu agonists (Griffiths et al., , 1998 Rogers et al., 2004, in press , Archives of Toxicology).
Effects of a wide range of compounds on c-fos mRNA expression
In order to study further whether sustained, elevated c-fos mRNA expression is predictive for excitotoxicity, rat cortical neurons were treated with high (toxic) and low (non-toxic) concentrations of 12 different compounds.
The compounds were chosen to represent four categories of compounds. The first group (a) the "excitotoxins" were comprised of the following 7 compounds: Glu, were for GABA (7.6 fold) and Paraquat (5.2 fold) but these were low in relation to the levels reached by the Group 1 compounds (50 -80 fold).
The effect of a cocktail of AP5 (NMDA receptor antagonist) and CNQX (non-NMDA receptor antagonist) antagonists was also tested. With all Group 1 compounds, the highest levels of expression were reduced, but with varied effects.
The antagonism was less effective for those compounds (D-HCA and L-SSC) which induced some induction of c-fos mRNA at the low concentrations. Presumably this less effective antagonism was due to the high effective competition from the agonist.
Discussion
We have previously established that sustained, elevated c-fos mRNA expression occurs in mouse cerebellar granule cells (mCGCs) in culture when cells are exposed to excitotoxins (Rogers et al., 2004, in press, Archives of Toxicology) and that this early gene expression correlates with excitotoxic cell death. This correlation allowed us and others (Gorman et al., 1995; Griffiths et al., 1998 Griffiths et al., , 2000 to postulate that this abnormal c-fos mRNA over-expression could be used as an in vitro screen for excitotoxic compounds.
Further to this model system, we considered to transfer the model to neuronal cells of the rat, primarily for two reasons; firstly, the rat is the rodent species of choice in regulatory and non-regulatory toxicological and pharmacological investigations.
Secondly, the culture of mCGCs requires serum in the medium, which, because of batch variability and endogenous glutamate leads to difficulties in intra-and interlaboratory standardisation.
The first aim of this study was to investigate whether rat cells, like the murine cells, exhibit sustained, elevated c-fos mRNA expression after excitatory amino acid (EAA) treatment. Indeed, both Glu and Asp showed toxicity to rat cortical neurons in a time-and concentration-dependent manner, as in the mCGC system (Rogers et al., 2004 , in press, Archives of Toxicology). This toxicity developed with the maturation of the cells in culture, reaching an optimum at 13 DIV, as previously shown by Schubert and Piasecki (2001) for Glu. It appeared that the rat cortical neurons were less susceptible to EAA-induced cellular toxicity than mCGCs.
However, when c-fos mRNA expression after Glu and/or Asp treatment was measured using RT-PCR, the expression profiles changed from the normal, physiological transient expression of c-fos mRNA to an over-expression which was characterised by being sustained over several hours. This sustained, elevated expression of c-fos mRNA in the rat is similar to that found previously by Griffiths et al. ( , 1998 and Rogers et al. (2004, in press , Archives of Toxicology) for mCGCs except that in the rat the levels of induction are considerably higher (100 fold) than in the mouse (5 -10 fold).
The toxicity induced by Glu and Asp in the rat and the related c-fos mRNA expression was shown to be NMDA-receptor mediated, since it was blocked by the CNQX. This result is consistent with our results for mCGCs (Rogers et al., 2004, in press, Archives of Toxicology).
The study was extended to show the effects on c-fos mRNA expression of 12 compounds representing non-toxic, toxic and excitotoxic compounds.
Excitotoxin treatment led to a switch from a transient c-fos mRNA expression to an elevated expression for all 7 excitotoxins with 50 -80 fold increases in expression at 60 min, which was chosen as an early time-point for subsequent
screening type experiments.
Non-toxic compounds, or compounds showing toxicity but not excitotoxicity, did not induce the very high levels of expression of c-fos mRNA shown by the excitotoxins. For these compounds, the highest levels of expression did not reach a value greater than 7.7 fold (for glycine) and so it appeared that discrimination could be made between excitotoxins and other compounds based on this difference in expression.
The experiment on the receptor pharmacology of the c-fos mRNA overexpression showed that in all cases the over-expression could be blocked or reduced by an antagonist cocktail. The antagonism appeared variable, however, but this can be explained by the choice of concentrations of "agonist" used. In the cases where the low concentration of compound induced increased levels of c-fos mRNA expression, there was less antagonism by the cocktail, presumably due to the greater level of competition between agonist and antagonist.
Overall, it has been shown that c-fos mRNA over-expression with fold inductions greater than 10 fold correlates with a compound being excitotoxic. The contingency table (Table 3) shows that c-fos mRNA over-expression in rat cortical neurons in culture can be used as a screen for predicting the excitotoxic potential of unknown compounds. The proportion of observations in the different categories which define the contingency table (Table 2) is significantly different than is expected from random occurrence (P = 0.0013; Fisher's exact test).
The use of Glu receptor antagonism as a second criterion should, however, be used with caution, particularly in the case of novel or previously untested compounds.
Compounds with unknown potency as Glu receptor agonists may lead to the use of excessive concentrations in this assay, concentrations which may be too high for complete antagonism of the c-fos mRNA induction induced by an excitotoxin.
Therefore, we suggest to use a simple tiered approach (see below). These studies lead us to question the role of this over-expression of c-fos mRNA. The mode of cell death following injury induced by excitotoxins remains controversial, with evidence to suggest that cell death occurs by one of two general pathways, necrosis or apoptosis (Dessi et al., 1993; Didier et al., 1996; Gasull et al. 2000 and Pollard et al., 1994; Filipkowski et al., 1994; Portera-Cailliau et al., 1995, respectively) . The shut-off of c-fos mRNA transcription requires new protein synthesis; a typical feature of apoptosis, which requires that energy must be Cheung et al. (1998) reported that at concentrations of Glu < 20 µM neuronal cell death was exclusively by apoptosis and was not accompanied by acute rapid swelling of neurons. However, necrosis began to occur in the presence of apoptosis at intermediate concentrations of Glu, and was eventually the sole death process at the higher insult (> 50 µM). Thus, the change in c-fos mRNA induction, from a transient expression to that of a more delayed, elevated and sustained expression may indicate a more important role for the c-Fos protein in mediating necrotic cell death under excitotoxic conditions Griffiths et al., 1997 Griffiths et al., , 1998 Griffiths et al., , 2000 . Where error bars are not shown, their size is less than the size of the symbols. Rat cortical neurons (10 and 13 DIV) were exposed to various concentrations of Glu, Asp, paraquat and Ala for 24 hours and the effects of these compounds on cell viability and intracellular ATP concentration are summarised. The EC 50 value determined was defined as the concentration of test compound that produces 50% of the maximal possible effect of that compound following a 24 hour exposure. 
